



Transport within the Golgi: for the Study of Glycoprotein Movement
ゴルジ体内の輸送：糖タンパク質の移動に関する研究
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About 30% of the proteins synthesized in cells are first 
transported to the endoplasmic reticulum (ER), then to the Golgi, 
where they are sorted to their ﬁnal destination. In the ER, newly 
synthesized proteins are folded and undergo several types of post-
translational modiﬁcations such as the attachment of precursor oli-
gosaccharides. In the Golgi, all glycoproteins transported from the 
ER receive complex post-translational modiﬁcations including gly-
cosylation, sulfation, and phosphorylation. Transport of these pro-
teins from the ER, via the Golgi, to their ﬁnal destination is called 
anterograde transport, whereas the reverse is called retrograde 
transport. The transport of proteins within cells normally requires 
transport vesicles of approximately 50–90 nm in diameter. At least 
three types of transport vesicles are known. COPII vesicles are 
responsible for anterograde transport from the ER to the entry side 
of the Golgi. COPI vesicles are responsible for transport within the 
Golgi and back to the ER. Clathrin-coated vesicles (and vesicles 
coated with other, still-to-be-deﬁned proteins) carry cargo from the 
exit side of the Golgi to the cell surface, as well as to other organ-
elles such as endosomes and lysosomes. Clathrin vesicles are also 
involved in endocytosis.
The Golgi is composed of ﬂat membrane cisternae that are 
arranged in parallel into a multilayer stack. In 1970, based on 
observations of the intra-Golgi movement of algal cell wall com-
ponents (termed scales), the concept of Golgi cisternal matura-
tion was proposed; and this idea eventually developed into the 
current “cisternal maturation model” for protein transport in the 
Golgi [Brown et al. (1970) J. Cell Biol. 45, 246–271]. The cister-
nal maturation model, in contrast to the conventional view that 
regards the Golgi as a stable structure, views the structure of the 
Golgi as dynamic. In this model, newly formed cisternae at the cis-
Golgi (cis-cisternae) migrate through the Golgi stack, changing 
to medial-cisternae and further to trans-cisternae as they mature. 
This maturation process is thought to occur through the retrograde 
transport of resident Golgi enzymes by COPI vesicles. This model 
could explain how some large cargoes, such as procollagen, which 
are too large to be packaged into transport vesicles still are able 
to move forward within the Golgi stack and be transported to the 
cell surface. Although there have been intensive debates on pro-
tein transport within the Golgi, in 2006, two groups—one led by 
Akihiko Nakano from RIKEN in Japan and the other by Benjamin 







































酵母において槽板成熟が起こることを実証した ［Losev et al. 
（2006） Nature 441, 1002–1006, Matsuura-Tokita et al. （2006） 
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live imaging that cisternal maturation can occur in yeast [Losev et 
al. (2006) Nature 441, 1002–1006; Matsuura-Tokita et al. (2006) 
Nature 441, 1007–1010]. Subsequently, experts in the ﬁeld report-
ed their shared view supporting cisternal maturation in 2009 [Emr 
et al. (2009) J. Cell Biol. 187, 449–453].
However, on June 4th and 17th of this year (2013), two 
groups (one in the US and the other in Italy), both using a tech-
nique involving the expression of protein aggregates, reported con-
ﬂicting conclusions about the mechanism underlying intra-Golgi 
transport. The US group, led by James Rothman at Yale Univer-
sity, proposed a new model termed “the rim progression model”; 
whereas the Italian group, led by Alberto Luni at the National 
Research Council of Italy, provided further evidence to support the 
cisternal maturation model [Lavieu et al. (2013) Elife 2, e00558; 
Rizzo et al. (2013) J. Cell Biol. 201, 1027–1036]. In this report, we 
review both of these studies on trafﬁcking within the Golgi.
Both groups used the following technique based on expres-
sion of the FKBP12 protein [Rivera et al. (2000) Science 287, 
826–830; Rollins et al. (2000) Proc. Natl. Acad. Sci. U.S.A. 97, 
7096–7101]. FKBP12 (FK506-binding protein 12) is normally 
monomeric. However, when a point mutation is introduced [phe-
nylalanine 36 to methionine (F36M)], the mutant FKBP12 protein 
forms dimers, which can then be dissociated with the pharmaco-
logical agent AP21998. When three or four FKBP12 mutant (FM) 
proteins are expressed in tandem, the FM fusion protein forms 
aggregates within cells. However, these aggregates can also be dis-
associated by AP21998. The tandem FM vector and AP21998 are 
commercially available from Clontech Laboratories, Inc.
In their study, Rothman’s group expressed a chimeric protein 
comprising the signal peptide of the cell surface glycoprotein CD8 
at its N-terminus, a fluorescent protein, 4 tandem FM proteins, 
and the rest of CD8, including its transmembrane region and C-
terminus. As soon as this chimeric CD8 (CD8-FM4) is synthesized 
in the ER, it forms aggregates. Since these aggregates are electron-
dense, they can be detected by electron microscopy as dark spots. 
Furthermore, since the aggregates are too large to be packaged into 
transport vesicles, they remain in the ER. However, when treated 
with AP21998, the aggregated CD8-FM4 dissociates and can be 
transported to the Golgi and then from there to the cell surface. 
Rothman and colleagues used this system to determine how cargo 
proteins are transported within the Golgi.
It has been known for some time that intra-Golgi transport 
does not occur at 16°C. Thus, when cells are kept at 16°C, cargo 
remains at the cis-Golgi. Rothman et al. incubated cells express-
ing CD8-FM4 at 16°C in the presence of AP21998; under these 
conditions, as expected, the CD8-FM4 did not form aggregates and 
so could be transported to the cis-Golgi; however, because of the 
Nature 441, 1007–1010］。これに続いて、分野の専門家たちは
2009年に、槽板成熟モデルを支持する共通見解を連名で発





は、槽板成熟モデルとは異なる新しいモデル （rim progression 
model） を提唱し、イタリア学術研究会議のAlbert Luini率い
るグループは、槽板成熟モデルを支持する結果を発表した 
［Lavieu et al. （2013） Elife 2, e00558； Rizzo et al. （2013） J. Cell 
Biol. 201, 1027–1036］。本稿では、これら二つの論文を紹介
する。
まず、二つのグループが利用した技術 ［Rivera et al. 
（2000） Science 287, 826–830； Rollins et al. （2000） Proc. Natl. 
Acad. Sci. U.S.A. 97, 7096–7101］ を簡単に説明する。通常単




























temperature, it did not proceed further through the Golgi. Rothman 
et al. next removed AP21998, which caused the CD8-FM4 in the 
cis-Golgi to form aggregates, and then warmed the cells to 37°C 
to allow intra-Golgi transport to proceed. If intra-Golgi transport 
occurs via cisternal maturation, they would have expected to ﬁnd 
CD8-FM4 on the cell surface. If, however, the cisternae are stable 
and protein movement is dependent on transport vesicles, then the 
aggregated CD8-FM4 should not have been able to move from 
the cis-Golgi because of the size of the aggregates (which would 
be too big to package into vesicles); and, indeed, they found that 
CD8-FM4 remained at the cis-Golgi.
Finally, Rothman et al. expressed a soluble protein fused to 
FM (FM4-hGH) and compared its transport to that of CD8-FM4. 
Cells co-expressing CD8-FM4 and FM4-hGH were incubated at 
16°C in the presence of AP21998 to allow both proteins to reach 
the cis-Golgi. AP21998 was then removed, and the cells were 
warmed to 37°C, as described above. Subsequently, FM4-hGH was 
found outside of the cells, whereas CD8-FM4 remained inside. 
Furthermore, electron microscopy of these cells showed that FM4-
hGH was gathered in the cisternal rims whereas CD8-FM4 was in 
the cisternal cores. These results suggest that the rims of the Golgi 
cisternae mature and move as explained by the cisternal maturation 
model, but that the cores of the Golgi cisternae might not mature 
because they are more stable than the rims. They termed this new 
model the “rim progression model.” Suzanne Pfeffer at Stanford 
University in the US, who served as a reviewing editor of this pa-
per, wrote a note on this model with an excellent illustration [Pfef-
fer (2013) Elife 2, e00903].
In marked contrast, Luini’s group used the cis/medial-Golgi 
enzyme, mannosidase I, and swapped its catalytic domain with 
3 FM proteins (MANI-FM). Then, they first expressed MANI-
FM in the presence of AP21998 so that it could reach the Golgi. 
Next, after removal of AP21998, the intra-Golgi localization of 
MANI-FM was examined in relation to the location of cis- and 
trans-Golgi markers. Immediately after AP21998 was removed, 
MANI-FM was mostly found in the cis/medial-Golgi. After 12 and 
20 min, however, it moved to the medial- and trans-Golgi, respec-
tively, which is consistent with cisternal maturation. To follow the 
movement of MANI-FM from the trans-Golgi, they next expressed 
MANI-FM in the presence of AP21998, removed AP21998, and 
waited for 20 min to let MANI-FM move to the trans-Golgi as 
described above. Then, they added AP21998 again to disaggregate 
MANI-FM. After 1.5 min, MANI-FM was found in vesicular/tu-
bular structures, and after 3 min, it was back in the medial-Golgi. 
This indicates that MANI-FM at the trans-Golgi was transported 
to medial-Golgi by vesicular/tubular containers. Thus, their results 













































proteins, such as MANI, are transported in the retrograde direction 
by vesicles and tubules.
In the study by Rothman’s group, it is still unclear why/how 
membrane proteins like CD8-FM4 gather in the cisternal cores 
whereas soluble proteins like FM4-hGH gather in the cisternal 
rims. Investigations on the mechanisms regulating this specific-
ity may help to conﬁrm and reﬁne the rim progression model. The 
study by Rothman’s group may reignite debate on the transport 
model within the Golgi apparatus.
As a ﬁnal note, super resolution microscopy (for review, see 
[Toomre et al. (2010) Annu. Rev. Cell Dev. Biol. 26, 285–314]) 
would be a powerful tool to observe the subtle changes that can 
occur within a few min in a tiny organelle such as the Golgi. It is 
interesting that both groups used a conventional technique rather 
than this powerful new technique. Why did they prefer the conven-
tional one? Was photobleaching or the requirement for the use of 
restricted ﬂuorophores for super resolution microscopy problem-
atic for them? Nonetheless, using the FM-based strategy employed 
by both groups, it is highly likely that the mechanisms underlying 
sugar modiﬁcation of proteins, which occurs through their move-
ment within the Golgi apparatus, will soon be elucidated.
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鏡法（解説は、以下を参照されたい。［Toomre et al. （2010） 
Annu. Rev. Cell Dev. Biol. 26, 285–314］ による研究が主流にな
るであろうと考えていた。ところが、ここで紹介した両グ
ループとも、従来の共焦点レーザー顕微鏡と電子顕微鏡を組
み合わせた手法によって、それぞれの結論を導きだした。彼
らが、超解像度顕微鏡法に頼らなかったのは、蛍光色素の褪
色の問題や選択に制約があるからであろうか。今後、両グ
ループのゴルジ体内の厳密な輸送をコントロールするシステ
ムを用いて、ゴルジ体内の移動に伴う糖タンパク質の糖鎖構
造の変化が解明されることを期待している。
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